Cerebral vasospasm of the major cerebral arteries, which is characterized by angiographic narrowing of those vessels, had been recognized as a main contributor to delayed cerebral ischemia (DCI) in subarachnoid hemorrhage (SAH) patients. However, the CONSCIOUS-1 trial revealed that clazosentan could not improve mortality or clinical outcome in spite of successful reduction of relative risk in angiographic vasospasm. This result indicates that the pathophysiology underlying DCI is multifactorial and that other pathophysiological factors, which are independent of angiographic vasospasm, can contribute to the outcome. Recent studies have focused on microcirculatory disturbance, such as microthrombosis and arteriolar constriction, as a factor affecting cerebral ischemia after SAH. Reports detecting microthrombosis and arteriolar constriction will be reviewed, and the role of the microcirculation on cerebral ischemia during vasospasm after SAH will be discussed.
Introduction
Cerebral vasospasm after aneurysmal SAH was demonstrated for the first time by Ecker and Riemenschneider in 1951 [1] . They indicated that arterial narrowing of the major arteries near the circle of Willis could be seen on cerebral angiography in six of 29 cases of SAH. Since then, cerebral vasospasm of the major cerebral arteries has been recognized as a main contributor to delayed neurological deterioration of SAH patients, and this deterioration is referred to as delayed ischemic neurological deficits (DIND) or delayed cerebral ischemia (DCI) . A large number of investigations have been carried out in an attempt to clarify the mechanism of sustained constriction of arterial smooth muscle cells and to develop treatment methods to ameliorate it. In contrast, there has been little attention paid to cerebral microcirculation as a factor affecting DCI.
However, the CONSCIOUS-1 trial (use of clazosentan to overcome neurological ischemia and infarction occurring after SAH), which was a randomized, blinded clinical trial using an endothelin antagonist, clazosentan, revealed that clazosentan could not improve mortality or clinical outcome in spite of a successful reduction of relative risk of angiographic vasospasm by 65% [2] . This result indicates that the pathophysiology underlying DCI is multifactorial and that other pathophysiological factors, which are independent of angiographic vasospasm, can contribute to the outcome [3] . Recently, the focus has shifted to cerebral microcirculatory disturbance, a pathophysiological factor other than vasospasm of the major cerebral arteries that was not considered important in the past. The trend toward studying the microcirculation during cerebral vasospasm, as it emerged in the past and presently, is reviewed and the significance of microcirculatory disturbance is discussed.
Narrowing of the Large Cerebral Arteries and Cerebral Ischemia
The first step in establishing the concept of cerebral vasospasm was based on the recognizing that the narrowing of the major cerebral arteries correlates well with cerebral ischemia. As an early study, Fletcher et [6] . Thus, most studies before 1980 had pointed to an association of the degree of angiographic vasospasm with neurological impairments or patient outcome. In addition, a correlation was indicated between angiographic vasospasm and cerebral blood flow (CBF) detected by SPECT and emission CT with 133Xe inhalation [7, 8] . These findings suggested that luminal decrease of the major cerebral arteries is the main factor causing reduced CBF and ischemic symptoms.
Previous Concepts regarding DCI Pathogenesis
Novel pathological mechanisms have been suggested, including damage to cerebral tissue in the first 72 hours after aneurysm rupture (early brain injury), cortical spreading depression (CSD), microcirculatory dysfunction, and microthrombosis [9] [10] [11] [12] .
Early Brain Injury. Early brain injury is a term that refers
to the damage done to the brain in the first 72 hours after the initial bleeding [13] . The release of arterial blood into the subarachnoid space is accompanied by intense headache and an acute increase in intracranial pressure, often causing intracranial circulatory arrest and loss of consciousness [14, 15] . The mechanisms of the resulting early brain injury are dominated by cell death, blood-brain barrier (BBB) disruption, and brain edema [16] . Animal models show BBB disruption as early as 30 minutes after cortical SAH [17] , and the leakage of large molecules remains high within the first 48 hours of bleeding [18] . It seems probable that the physiological changes occurring at the onset of DCI directly influence the severity of later ischemic complications in patients after SAH. Although experimental results done mainly in rats seem to mirror measurements in patients with aneurysmal rebleeding and intracranial pressure (ICP) monitoring in situ, the majority of animal models rely on iatrogenic damage to cerebral vessels to simulate aneurysm rupture and induce subarachnoid bleeding [19] .
Cortical Spreading Depression (CSD) and DCI.
The first CSD was demonstrated experimentally in the 1940s in rabbit cortex. Originally, the process was regarded as an experimental artifact that had little relevance to neurological disease in humans. Recently, however, there has been a resurgence of interest in CSD. In the last few years, CSD has been identified as a potential pathophysiological mechanism contributing to DCI. The term describes a depolarization wave in cerebral grey matter that propagates across the brain at 2-5 mm/min and results in depression of evoked and spontaneous EEG activity [20] . It has been implicated in the pathophysiology of a number of neurological diseases, including malignant hemispheric stroke [21] , traumatic brain injury [22] , and DCI after SAH [23] . In SAH, there is good evidence from animal models and patient studies that CSDs occur after the initial bleed [23, 24] . Spreading ischemia was first described in a rat model of DCI and it results from local microvascular dysfunction. It is thought that, with each depolarization, there is an associated, profound hypoperfusion of the cortex due to vasoconstriction [25] . The incidence of CSDs measured in patients after SAH seems to correlate with the time frame for the development of DCI, with data from one study demonstrating that 75% of all CSDs recorded occurred between the fifth and seventh days after SAH [26] . CSDs also seem to occur in the absence of angiographic vasoconstriction. Despite placement of nicardipine pellets around the middle cerebral artery to minimize proximal vasoconstriction, spontaneous depolarizations still occurred in 10 of 13 patients [27] , casting further doubt on the exact nature of the contribution of proximal vessel constriction to DCI.
Microcirculatory Dysfunction and Microthrombosis.
Clinical investigations had suggested that intraparenchymal small vessels are dilated after SAH in order to compensate for reduced peripheral perfusion pressure caused by vasospasm of the major arteries. Grubb et al. investigated CBF, CMRO2, and cerebral blood volume (CBV) by using positron emission tomography (PET) in SAH patients. A decrease in CBF and CMRO2 and an increase in CBV were seen in patients with poor-grade SAH and severe symptomatic vasospasm. The poor grade patients with symptomatic vasospasm showed reduced CBF under 20 mL/100 g/min and increased CBV over 2 mL/100 g/min. They suggested that cerebral vasospasm of large arteries is accompanied by a massive dilation of the intraparenchymal vessels [28] . A CBF study using single photon emission computed tomography showed that CBF did not increase by administering acetazolamide in SAH patients [29] . Furthermore, a transcranial Doppler sonography (TCD) study revealed that hypercapnia does not decrease flow velocities in the middle cerebral arteries or the internal carotid arteries of patients with cerebral vasospasm [30] . These decreased reactivities to vasodilating stimuli were thought to be due to a lack of response by small vessels because of their maximal dilation in an attempt to maintain sufficient CBF in the face of severe vasospasm [29, 30] . Studies using several imaging techniques in patients with SAH [31] [32] [33] [34] and in animal models of SAH [35] [36] [37] have suggested the existence of microvessel constriction and microthrombi formation after SAH. In clinical studies, large artery angiographic vasospasm on admission angiography is also an adverse prognostic factor for outcome [38, 39] . One limitation of these imaging studies is that they examined microvessels visible on the pial surface. Activation of the coagulation cascade, impairment of the fibrinolytic cascade, activation of inflammation, and endothelium related processes may all play a role [40] . Histological studies on a prechiasmatic injection SAH model showed that microthromboemboli are abundant in brain parenchyma [41] [42] [43] . Sehba et al. demonstrated the involvement of platelet aggregation and neutrophil infiltration of the observed microvascular injury in the vascular perforation model [44, 45] .
In the main, the concept that small vessels dilate during cerebral vasospasm was considered to be valid, and several reports that showed microthrombosis or narrowing of small vessels, as described later, were not considered significant.
Postmortem studies of SAH patients have demonstrated evidence of microthrombi. Patients with DCI have significantly more microthrombi in areas showing cerebral infarction than those patients who die from aneurysmal rebleed or hydrocephalus [46] . Microthrombosis also correlated with the amount of overlying free subarachnoid blood and clinical and pathological signs of ischemia [47] . Interestingly, a postmortem study into microthrombosis after SAH showed that, while cortical ischemic lesions were present in 77% of patients, there was no significant association between the presence of these lesions and angiographic vasospasm or aneurysm location [48] .
Reassessment of the Role of the Microcirculation in Cerebral Ischemia during Vasospasm
During the period when the concepts described above prevailed, several reports indicated a discrepancy between the degree of angiographic vasospasm and DCI or decreased CBF. There had been several reports showing that clinical symptoms of DCI or decreased CBF can occur without angiographic evidence of vasospasm [8, 49, 50] and that severe angiographic vasospasm is often found in the patients without obvious DCI or decreased CBF [51] [52] [53] . However, these concepts were not considered important before the 2000s. Recently, reports showing that angiographic vasospasm is not always correlated with DCI, cerebral infarction, or CBF have been accumulating. Rabinstein et al. indicated that the location of cerebral infarction in SAH patients cannot be predicted in one-quarter to one-third of patients by angiogram or TCD [54] . Weidauer et al. revealed that cortical band-like infarction develops without evidence of severe angiographic vasospasm in SAH patients [55, 56] . And some clinical studies indicated that angiographic vasospasm of large arteries on admission is an adverse prognostic factor for outcome [38, 39] .
Dissociation between angiographic vasospasm and outcome after SAH was noted in the CONSCIOUS-1 trial, which became epoch making in terms of changing the concept of vasospasm [2] . After the CONSCIOUS-1 trial, reports of a discrepancy between angiographic vasospasm and CT hypodensities or regional hypoperfusion have been increasing [57, 58] . One of the explanations for these observations could be that the cerebral microcirculation and its regulatory mechanisms are directly affected by SAH and cause DCI. For microcirculatory dysfunction during vasospasm after SAH, mainly microthrombosis and microarterial constriction have been investigated [12, 59] .
Microthrombosis

Detection of Microthrombi.
Adhesion of aggregated platelets or mural thrombi at the site of vasospasm of major cerebral arteries had been indicated in early reports [60] [61] [62] . Reports on the action of these platelets and thrombi suggest that arteries are narrowed by mural thrombi as well as by proliferative organic changes in the arterial wall and such narrowing is often confused with prolonged vasospasm [62, 63] . Also, aggregated platelets may release vasoactive substances that produce smooth muscle constriction that results in arterial narrowing [60] .
Microthrombi were detected for the first time in 1983 by Suzuki et al. in a patient who died due to cerebral vasospasm after SAH. Light microscopy of sectioned slices showed that the parenchymal microthrombi consisted mostly of white thrombi composed of aggregated platelets, with fibrin also observed in some of these. They suggested that microthrombi could be contributors to cerebral ischemia during vasospasm [64] . Later, they confirmed the role of microthrombi in cerebral vasospasm by investigating six patients who died after SAH. Of the six patients, four died of DCI and two of rebleeding or acute hydrocephalus. Compared to the latter two patients, the other four patients showed significantly more microthrombi of intraparenchymal small vessels in clinically ischemic regions and in areas showing cerebral infarction on CT scan. They concluded that the significant regional correlation of thrombi distribution and DCI suggests a close relationship between them [46] . This is supported by a recent autopsy study investigating 29 SAH patients by Stein et al. They revealed a strong correlation between microclot burden and DCI, as patients with clinical or radiological evidence of DCI had, in the mean, significantly more microclot burdens than patients without DCI. And there was also a significant association between microclot burden and histological evidence of ischemia [47] .
Furthermore, microthrombi have also been shown in experimental studies. Seven days after SAH, microthrombi in the cerebral and cerebellar cortex can be found in the rat SAH model, in which SAH is produced by blood injection into the prechiasmatic cistern [65] . Peak microthrombi formation is seen 48 hours after SAH in an endovascular perforation SAH model of mouse [66] . Microthrombi in the parenchymal arterioles are also seen 48 hours after SAH in a prechiasmatic blood injection model in mice [12] . In vivo fluorescence microscopy using a mouse endovascular perforation SAH model revealed that 30% of pial arterioles were occluded by microthrombi, which demonstrates that microthrombosis is not a histological artifact but also occurs after SAH in vivo [37] . Accumulation of this clinical and experimental evidence seems to strongly affirm the concept that microthrombi comprise one important factor affecting cerebral ischemia after SAH. Figure 1 ). Endothelial function of major cerebral arteries is known to be disturbed during vasospasm after SAH [67] . Prostaglandin I2 is synthesized in the endothelial cells and inhibits the circulating platelets from adhering and aggregating to endothelial cells, and its synthesis at the major cerebral arteries is disturbed during vasospasm [68] .
Pathophysiology and Mechanism of Microthrombus Formation (
Ohkuma et al. revealed that antiplatelet-aggregating activity in the endothelial cells of the basilar artery is impaired in feline two-hemorrhage SAH models. After production of SAH, adenosine diphosphate was infused into the basilar artery via the right vertebral artery to activate circulating platelets,and many platelets were observed adhering or aggregating on the luminal surface four to seven days after SAH. They suggested that this impairment may be involved in inducing cerebral ischemia during cerebral vasospasm by causing platelet adhesion and aggregation [69] . They also indicated increased platelet function in the case of DCI. Sequential changes of platelet aggregability and betathromboglobulin and thromboxane B2 concentrations in blood samples from the internal jugular and peripheral vein were investigated, and platelet function in patients with symptomatic vasospasm showed more enhancements in blood from the internal jugular vein than in blood from a peripheral vein. These results suggest that platelets are activated through vasospastic major arteries and that the resulting increased tendency for thrombus formation may affect the patient's prognosis during the advanced stage [70] .
Some reports suggest that a functional disturbance of microvessels itself can be a causative factor for microthrombi. Sabri et al. indicated that decreased NO and increased Pselectin in the endothelium of arterioles is a mechanism for microthrombosis [12] . Direct observation of pial arterioles after endovascular perforation in an SAH model in mice indicated that arteriolar constriction is followed by local formation of microthrombi, and the frequency of arteriolar microthrombosis correlates with the degree of its constriction [37] . This finding also suggests that functional damage in arterioles can cause local thrombus formation.
Changes in the blood coagulation cascade can also contribute to microthrombi formation [40] . Several studies show that the coagulation cascade is already activated within a few days after SAH before the occurrence of vasospasm. This early activation of the coagulation pathway is an early predictor of the occurrence of DCI and infarction after SAH [40] . Levels of platelet activating factor in internal jugular venous blood start to increase within four days after SAH [71] . Increased levels of Von Willebrand factor within 72 hours after SAH correlate with the occurrence of DCI and poor outcome after SAH [72] . These factors are considered to induce platelet activation in the early stage of SAH [40] . Furthermore, in the acute phase after SAH, concentrations of tissue factor, which is the primary initiator of coagulation through activating thrombin, are elevated in the cerebrospinal fluid (CSF) [73] .
Increased levels of fibrinopeptide A, an alternative marker of thrombin generation, within two days after SAH, are also associated with cerebral infarction after SAH [74] . And patients with DCI after SAH have significantly higher levels of plasminogen activator inhibitor-1 antigen in the CSF as compared with patients without DCI, suggesting that overactive inhibition of fibrinolysis is associated with DCI [74] . Fibrin formation then also takes part in increased coagulation activity. Therefore, a systemic coagulation cascade activated in the early stage, endothelial dysfunction of microvessels, and platelet activation through vasospastic large arteries are, together, involved in microthrombi formation and its effect DCI [75] .
Prevention of Microthrombosis.
Trapidil, an antagonist and selective synthesis inhibitor of thromboxane A 2 , was administrated in a series of 20 cases of SAH. Vasospasm was demonstrated by angiography in nine of these cases, but only two of the nine showed mild signs of cerebral ischemia, which suggests the significance in symptomatic vasospasm of thrombus formation by platelet aggregation and the effectiveness of trapidil as a preventive agent [76] . They also tried OKY-046, an imidazole derivative and a thromboxane syntheses inhibitor; it was studied cooperatively at ten neurosurgical services [77] or at 48 neurosurgical services in Japan in double-blind fashion [78] . Both trials showed the usefulness of OKY-046 for the prevention of symptomatic vasospasm and support the hypothesis that cerebral microthrombosis plays an important role in the pathogenesis of cerebral vasospasm.
Aspirin was used in two trials; both studies, however, included a small number of patients and failed to show its efficacy for the prevention of symptomatic vasospasm or improved outcome [79, 80] . Dipyridamole also failed to show efficacy for reducing the incidence of ischemic deficits [81] . However, a systematic review including five studies indicates that antiplatelet drugs reduce the risk of DCI in patients with SAH [82] . Recent experimental studies showed simvastatin and mutant thrombin-activated urokinase-type plasminogen activator are effective in reducing microthrombi [65, 66] . Recent clinical studies have also indicated that cilostazol, which is a selective inhibitor of phosphodiesterase 3, an antiplatelet agent marketed in Japan, and which is used to treat ischemic symptoms of peripheral vascular disease, can decrease the incidence of symptomatic vasospasm, severe angiographic vasospasm, vasospasm-related new cerebral infarctions, and poor outcome in patients with aneurysmal SAH [83] [84] [85] . Their experiments also suggested that a chemomechanical mechanism might be involved in the vasoconstriction of pial microvessels [35] . However, the observation period of microvessel constriction was limited to the unlra-early stage after SAH or stimulation. Hart performed morphometric determinations of the external diameter and wall thickness of intraparenchymal arterioles two hours after blood was injected into the cisterna magna of cats and observed a decreased external arteriolar diameter accompanied by an increased wall thickness. He suggested these changes were caused by constriction of arterioles [86] . However, serial morphological changes in the intraparenchymal arterioles days after SAH coincident with delayed cerebral vasospasm of large cerebral arteries remain unclear in those investigations.
Vasoconstriction of Arterioles
Morphological changes of parenchymal arterioles during the vasospasm period after SAH were examined for the first time by Ohkuma et al. In a canine double hemorrhage SAH model, corrosion casts of arterioles showed tapered narrowing with folding after SAH. Morphometric examination by light microscopy showed a significant decrease in the internal diameter of arterioles associated with a significant increase in wall thickness three and seven days after SAH. These results suggest that constriction of intraparenchymal arterioles occurs after SAH and may contribute to delayed cerebral ischemia [87] . They also revealed that the same changes in perforating arteries occurred in basilar arteries by using the same technique and the same animal model [88] .
After that, pial microvessels were directly observed under an operative microscope during aneurysm surgery. Uhl et al. examined pial microcirculation in humans using orthogonal polarization spectral imaging. Patients with SAH who were operated on within three days after SAH showed that capillary density was significantly decreased and small arteries and arterioles of the cortical surface exhibited vasospasm. They suggested those changes may contribute to the initial clinical symptoms and may have an influence on the clinical postoperative course [32] . By using the same technology, Pennings et al. tested contractile responses of the cerebral arterioles in 16 patients who underwent aneurysm surgery. Ten patients were operated on early (within 48 hours after bleeding) and six underwent late surgery. The contractile response of the arterioles to hyperventilation was increased, accompanied by a bead-string constriction pattern in patients operated on early compared to those in late surgeries and in controls [33] . They also revealed the microvascular responses to papaverine in patients undergoing aneurysm surgery. In patients with SAH, unpredictable response patterns to papaverine were observed with "rebound" vasoconstriction. They considered that the results suggest increased contractility of the microcirculation [34] .
In addition, recent experimental studies showed the same results. Friedrich et al. examined pial arterioles three, six, and 72 hours after SAH by using in vivo fluorescence microscopy in an endovascular perforation SAH model of mice and found that arterioles constricted by 22% to 33% up to three days after SAH, which demonstrates that SAH induces microarterial constrictions and microthrombosis in vivo [37] . They suggested that these findings may explain the early cerebral perfusion pressure-independent decrease in CBF after SAH and therefore microarterial constrictions and microthrombosis may serve as novel targets for the treatment of early perfusion deficits after SAH. (Figure 1 ). Arterioles can constrict in response to various vasoactive substances [89] . Spasmogenic substances derived from subarachnoid clots can then easily affect pial arterioles. And they also affect intraparenchymal arterioles by penetrating into the perivascular space [87] . Another possible factor is vasoactive substances that act on the wall of arterioles from inside the vessels. Circulating platelets activated by endothelial dysfunction through the vasospastic large cerebral arteries liberate vasospastic substances, such as thromboxane A 2 , serotonin, or adenosine diphosphate, which can induce smooth muscle constriction in peripheral arterioles [70] . Endothelial dysfunction of arterioles, such as decreased NO production, can cause arteriolar constriction [12] .
Pathophysiology and Mechanism of Microvessel Constriction
Arteriolar constriction is now believed to play an important role in DCI after SAH, but there are several problems to be solved. Microvessel constriction during the period of vasospasm has not been fully proved in humans. Ohkuma et al. measured cerebral circulation time (CCT) and CBF in 24 cases of aneurysmal SAH. CCT was divided into proximal CCT, which was the circulation time through the extraparenchymal large arteries, and peripheral CCT, which was the circulation time through the intraparenchymal small vessels. Peripheral CCT showed a strong inverse correlation with rCBF. Even in nonmild or moderate angiographical vasospasm, prolonged peripheral CCT was clearly associated with decreased rCBF [90] . In other words, rCBF decreased in spite of the absence of angiographical vasospasm in the major artery. These results suggested that microvessel constriction prolonged peripheral CCT and decreased rCBF independently. It was also considered that the cause of peripheral CCT prolongation was based not only on microvessel constriction but also on a microthrombosis.
As far as other problems to be solved, we still need clarification on how many vessels are affected, which microvessels are mostly affected, and how much microvessel constriction is associated with cerebral ischemia. Those problems should be addressed in the future in order to improve outcome for SAH patients by establishing prevention and treatment of arteriolar constriction.
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